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ABSTRACT

Narragansett Bay is a weakly stratified estuary comprised of three

connecting passages of varying depths. The vertical distribution of

horizontal velocity was observed in the West Passage using moored current
The instantaneous motion was characterized by semi-diurnal tidal
These currents exhibited a phase advance

meters.
currents of amplitude 25-60 cm/s.

with depth (total water depth = 12.8 m) ranging with lunar phase from 0-3 hrs.

The primary objective of the study was the analysis of the net circulation,

i.e., the motion exclusive of the periodic tides. The net current time

series obtained by filtering out the tidal periodicities were found to be

an order of magnitude less than the instantaneous motion and well correlated
to the prevailing 2-10 m/s winds. For periocdicities about two days, the
squared coherence and phase between the longitudinal components of wind and
net near surface current were 0.7 and 3 hours respectively. The mean near
surface speed, obtained by averaging over one month, was 1.2 ¥ 1.6 cm/s.
The large exror bounds were a result of the large varlability of the net
current time series (and not a result of inadequate sampling). A measure
of this variability due to day to day changes in weather is given by the
root mean square deviation of the met current time series or 2.6 cm/s.

The net transport of water through the West Passage was observed to be
seaward or landward over the entire water columm for several days duration,
with typical wind induced tramsport fluctuations of % 500 m3/s. Hence, a

net commanication of water exists between the East and West Passages with

water flowing either way in response to the wind. Wind is concluded to be

the dominant mechanism driving the net cir:ulation in the West Passage of

Narragansett Bay. This is in contrast with the classical views of gravi-

tationally convected net estuarine circulation.
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I INTRODUCTION

The instantaneous motion in an estuary is strongly affected by tides.
1f velocity observations are averaged, or filtered, to remove the tidal
currents then the remaining non-tidal motion may be termed the ‘net velo-
city" field. It is this net velocity field that is generally referred to

as estuarine circulation.

The gravitational convection scheme of estuarine circulation has re-
ceived considerable emphasis in the past, This particular driving mechanism
arises from the density difference between the river and ocean ends of the
estuary. The resulting net circulation is generally two layered with a
seaward flow of fresher water in the upper layer and landward flow of

saltier water in the lower layer, e.g., see Cameron and Pritchard (1963).

Narragansett Bay is a partially mixed estuary. It is compri§ed of
three conmnecting passages as shown in Figure 1, Data concerning the in-
staritaneous and net motion were first compiled by Haight (1938). Hicks
(1959, 1963) offers a general description of the physical parameters in
the bay.

The primary objective of the present study is the analysis of the net
circulation and transport in the West Passage of Narrsgansett Bay. Based
on the constraints of water and salt conservation, published estuarine
literature contains several recipes for estimating the net circulation
from rudimentary measurements of salinity and velocity. e.g., see Pritchard
and Kent (1956), Rattray and Hansen (1962), and Hamsen and Rattray (1966).
These constrainté cannot be invoked in the West Passage a priori because
sources of both water and salt exist at the connection of the West and East
Passages above Conanicutt Island. Therefore; a program to measure the
vertical distribution of horizontal velocity was initiated. Anothex rea-
son for a direct measurement program was to study the effects of wind.

A theoretical model by Hansen and Rattray (1965) implied that, along with

gravitational convection, wind may also be an important driving mechanism

of the net circulation. Except for short term observations by Pickard and
Rodgers (1959) in the Knight Inlet, British Columbia, little attention has
been giver to the effects of wind on net estuarine circulation,

Some preliminary results of this study may be found in Sturges and
Weisberg (1971).
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ITI MEASUREMFNT PROGRAM

Station Location

Transport determinations entail the integration of a velocity field
over a cross sectional avea. Excepting very wide estuaries, where the
effect of the earth'’s rotation becomes important, lateral variability
in the net motion has generally been thought to be negligible in compari-
son to that in the vertical direccion. We therefore decided to measure
the vertical distribution of horizontal velocity and assume lateral uni-
formity for subsequent net transport calculations, This agsumption has
been supported by the measurements in the West Passage of Kowalski et

al. (1971).

Lateral cross sections of depth were measured in the spring of 1970.
These were used in conjunction with published U,S.C. & G.S. charts to
determine the position of the current meter stations and to calculate

cross sectional areas.

Two statior3 were selected. The primary one was near Rome Point
(see Figure 1 and Table 1) and a seccndary station was near the mouth
of the West Passage at Bonnet Shores, Both stations were near the deepest
part of the channel and their positions were selected to minimize the
effects of topographic irregularities. Their location with respect to

the cross sectional areas may be seen in Figures 2 and 3.

Table 1., Station locations and depths.

Station Location Depth (m.l.w.)
Rome Point £1°32' 27", 71°24' 54" 12.8 m

Bonnet Shores 41°28'40my, 71°24'v9my 11.0 m
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Current Meter Distribution

Distributing the current meters vertically entailed consideration
of: (1) the bottom boundary condition, (2) interference by surface waves,
and (3) the uncertainty of the shape of the net velocity distribution.
The bottom boundary condition specifies that the velocity goes to zero
at the bottom. Pritchard and Kent (1956), via observation and theoretical
calculation in the James River estuary, found that the met horizontal
velocity is substantially affected by the bottom boundary only w.thin
one to two meters from the bottom, and Cannon's (1969) observations in
the Pawtuxent River estuary are consistent witin that, Near surface
measurements are complicated by the tendency of a Savonius rotor to
rectify high frequency wave induc.d motions (see Appendix 2), These
considerations led to the choice of a current: meter distribution that
was uniform in the vertical and excluded the top and bottom two meters

of the water column.

The principal set of measurements was obtained during the fall of
1970. Six current meters were uniformly distributed in a rigidly mounted
vertical array at the Rome Point station. As an independent comparisonm,
two current meters were placed in a buoyantiy moored vertical arxay at the

Bonnet Shores station.

A supplementary set of measurements was made during the spring of 1971
using four rigidly mounted current meters at the Rome Point station. Their
purpose was to examine the effect of increased stratification on the net
flow. Table 2 gives the location and sampling duration of all the current

meters used.
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& Table 2. Position, record number, and sampling duration for all

77
PR S5 NP Wy

current meters used during the fall 197C and spring 197) experiments.

Height (m) measured Record number Duration . p
o from the bottom

) Rome Point Station
v,
. 10.6 026 19 Oct -~ 25 Nov 1970
y 8.9 025 19 Oct - 25 Nov 1970 .
7.2 024 19 Oct - 25 Nov 1970 Y
, 5.5 ‘ 023 19 Oct - 25 Nov 1970 ~
3.8 022 19 Oct - 25 Nov 1970
2.1 021 19 Oct - 25 Nov 1970 C
10.6 1 19 Mar - 1 Apr 1971 ;o]
"y 8.9 - 2 19 Mar - 1 Apr 1971 Lo
zj 3.8 3 17 Mar - 1 Apr 1971 i
3 2.1 A 17 Mar - 1 Apr 1971
Bonnet Shores Station j
i B
& 't
¢ 3.7 027 29 Oct - 5 Dec 1970 i
§< 1.7 028 29 QOct ~ 5 Dec 1970 E ,
1
i ~
; I
: Current Sampling ey g
4
; 4
g The velocity megsurements were made with Savonius rotor current z;; R
meters manufactured by the Geodyne Co., Waltham, Massachusetts, Type ?; i
g A-100 S,E. and model 850 current meters were used for the fall 1970 and 3%? ﬁ
%:* spring 1971 messurements regpactively. With either inetrument, the a.w.s% }:
f;“ﬁ‘ speed is sensed by a Savonius rotor with an accuracy, as specifiled by ‘i ' ,:
the manufacturer, of three percent. The directicn of flow relative to &é ”3
LY the current meter case is detected by a vane while the orientation of ‘, .
’ the case is obtained with a magnetic compasc, The resolution of botl f 3
/ the compass and vane is 2.8 deg.ees, resulting in a direction relative
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to the earth's magnetic field to within approximately five degrees.
: P g

The two instraments differ only in their actual recording scheme.
The type A-100 S.E. current meters photographically record a data pulse
every two and thirty~two rotor revolutions (this ratio may be varied).
The model 850 current meters record the number of rotor revolutions in
every five second interval directly on magnetic tape, Both instruments
record instantaneous compass and vane readings every five seconds of

operation,

Preliminary data obtained by the authors in the summer of 1970 as
well as the data compiled by Haight (1938) suggested that mean speed
estimates in the West Passage are an order of magnitude less than the
amplitude of the instantaneous tidal flow. Therefore, lengthy records
were needed to try to arrive at a reliable estimate of such a relatively
small mean. The records obtained in th-. fall of 1970 were of mcath
long duration, The spring 1971 measurements were only of two week dura-

tion owing to limited availability of the current meters.

Currents were sampled for 2.5 minﬁtes every 15.0 minutes during the
fall experiment and 2.5 minutes every 7.5 minutes during the spring ex-
periment. These are the maximum sampling rat<: that are available for
the particular current meters and record lemgth: used for a single
mooring. Since the tidal currents in Narragansett Bay can be adequately
described by the MZ’ M&’ and the M6 tidal harmonics (Haight (1938)), the
sampling rates used were sufficient to prevent aliasing by motions at
frequencies higher than Nyquist. Frequen:ies beyond the resclution of
the sensors,such as those associated with surface gravity waves, present

a different problem; this is discussed in Appendix 2.

Subsidiary Datas

Wind data were obtaired from the U.S. Naval Air Station, Quonset
d i

o prre Dl Tal
WAty IMSGES ..S;.z‘.:".ﬁ

on are measured
hourly with a thres cup anemometer and an axrow vane, The instrument

is located approximately 10 m above sea level,

Temperature and salinity determinations were macde at varioug times
of high end low water slack using a Beckman, model RS 5-3, in situ sali-
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nometer (Beckman Instruments Inc., Cedar Grove, New Jersey). Readings
were taken at two or three meter intervals and water samples were taken

for independent laboratory comparison.

River runoff data were supplied by the U.S. Geological Survey,

Boston, Massachusetts,

Support Equipment

Rigidiy Moored Array

In order to preveut the data from being affected by mooring motion,
a rigid structure was required for the near surface measurements, A
telephone pole provided such a structure as shown in Figure 4. Figure 5
gives a top view of the current meter mounting scheme. Woocden booms held
the instruments away from the region of streamline distortion about the
pole. 'the booms were attached to non-magnetic stainless steel brackets
on the current meter pressure case and galvanized steel studs protruding
through the pole. The current meters were supported in the vertical by
ropes connecting the current metess to the next Lgher steel stud as
shown in Figure 4, All magnetic materials wrre sufficiently far from

the current meters to avoid biasing their ¢ompasses,

A six point mooring system aided in helding the pole stable and
upright. Twice during stormy conditions wave action worked the anchors
loose, and divers had tu readjust the mooring lines. To avoid this
problem during the spring measurements the portion of the pole just
above the topmost current meter was cut off., In addition, two subsurface
buoys were attached to provid. a more stabilizing bucyant force. Since
the pole was now completely submerged two spar buoy navigation markers
were set and slender bamboo poies served ag & direct -warker., Observation

of the bamboo poles showed that the mocring remained steady.

The buoyantly moored array is shown in Figure 6, The current meters
were supported by a subsurface buoy consisting of two steel spheres. A
wooden vane was attached to the buoy enabling it te weather cock with the
current, and form drag was opposed by a four point mooring. The current
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meters had the capability to measure inclination to within five degrees

but none was observed.

Field Procedures

Deployment of the fall Rome Point station began on 18 October 1970.
The pole was dragged from the beach at the Narragansett Bay Campus and
towed to the mooring site. There it was winched up, oriented, and dropped
into position, Divers then secured the six point anchor system and bolted
on the mounting hurdware. The current meters were attached by divers on
19 Occober 1970, Throughout the course of the fall measurements weekly
and sometimes biweekly visual checks of the apparatus were made., Time
markings were made on three occasions by tying the vanes perpendicular
to the direction of flow for one hour (four recording intervals) thus
leaving obvious marks on the film records. The array was recovered on
1 December 1970, Very little fouling had occured with only a thin film
of algae perceptible,

The buoyantly moored array at the Bonnet Shores station was set on
29 October 1970. Vigual diver checks and time markings were made az with

the Rome Point station. This array was recovered on 8 December 1870,

The assemb.y of the spring Rome Point station was similar to the fall

one. The pole was set on 13 March 1371, The bottom two current meters

_were installed on 17 March and the top two un 19 March 1971, The array

was recovered on 1 April 1971.
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ITTI DATA PROCESSING AND RESULTS

The film recorded current meter data from the fall 1970 experiment
were read and transferred to magnetic tape by the Geodyne Co, Imitial
data inspection revealed three malfunctions, all occuring at the Rome
Point station., Records 021 and 024 had to be discarded in their entirety
along with the latter half of record 022, TFurther machine processing was
performed at the University of Rhode Island, The current meter data from
the spring 1971 experiment were processed at the Woods Hole Oceanographic

Institute. Of the four records, number two had to be discarded.

North and east components were taken of all current and wind records.,
The choice of component direction followed from the longitudinal axis

of the West Passage being essentially north-south.

Instantaneous Currents

The north .and east components of velocity from the fall and spring
experiments are shown in Appendix 1. The currents are dominated by semi-
diurnal tides, Current amplitude varies from neap to spring tides by

roughly 25-60 cm/s.

A kinetic energy spectrum of the current measured 2.1 m below mean
low water (record 026) is shown in Figure 7 (this along with other spectral
computations to be mentioned later were made using the Biomedical Computer
Programs, Dixon, 1970, ed., available at the U.,R.I. computer lab). Thirty
degrees of freedom were used and the 807 confidence interval is given in
the figuxe, The principal energy is distributed about the semi-diurnal
peak Gﬁz), but significant peaks also appear at the M4 and M6 hammonics.

In order to study the variation in harmonic structure from neap to
spring tides the current records were broken into 50 hour segments whose
Fourier coefficients were then computed., A partial listing of the results
for currents messured 2.1 m and 7.2 m below mean low water are given in
Table 3. Included are the ».m,s, values, the percentage of energy (speed
squared) contained in the Mz and Mﬁ harmonics, and the phase difference
between the M2 harmonic at 2.1 m and 7.2 m. The designations spring and
teap refer to the 50 hour segments centered about strong or weak flows
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respectively. It should be noted that the terms M2 and M4 specifically
refer to the periodicities of 12.5 hr. and 6,25 hr. used in our computa-
tions. Our record lengths are too short to distinguish between indivi-
dual semi-diurnal tidal species, hence they have all been lumped under

the heading’Mz.

Table 3. The r.m.s. current speed, percentage of energy contained
in the M2 and M4 harmonics and the phase difference ( A(blviz) of the M2

harmonic for currents measured 2.1 m and 7.2 m below mean low water.

Segment start time and designation

0700 2230 0030 0400 1800 1300 160C 1900
21 Oct 23 Oct 28 Oct 2 Noev 4 Nov 11 Nov 15 Nov 19 Nov
NEAP NEAP SFRING SPRING NEAP SPRING SPRING NEAP

me (em/s) 17.9 18,3 4.8 25.4 19.2 31.4 25,7 13.7
2.1m % Mz 70 76 86 86 75 89 87 72
% M, 17 4 6 6 16 8 6 9

mms (cw/s) 14,6 17,1 24.8 21.8 17.2 26.9 23.8 14.2
7.2m % M2 70 87 86 83 77 86 83 70
% M4 14 4 5 7 12 6 6 10

2.1m-7.zmtl¢u2(md.).zz 16 .20 .18 .16 .23 .38 .20

During spring tides as much as 89% and 97% of the energy is contained
in the Mz and MZ + M4 harmonics respectively, During neap tides, however,
as little as 70% and 80% of the energy is contained in the M2 and Mz + M4
harmonics. Hence, we see that the instsntaneous current structure is more
complicated during neap tides with the higher tidal harmonics playing a

praportionately larger role than during spring tides.

Figure 8 presents the north compénent of velocity at the depth of
2.1 m and 7.2 m superimposed on the same graph. A conspicuous feature
is the phase difference between the two records., The deeper current leads
the near surface current throughout the record. This phase advance with
depth appears to depead on lunar phase, varying from 1-3 hours during neap
and intermediate range tides to near zero during spring tides, A discussion
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of this phase advance will be given in a later section,

The north component of instantaneous motion is again represented in
Figure 9. Here speed is plotted as a function of depth for various stages
of a tidal cycle midway between neap and spring tides. Due to the phase
advance, the instantaneous motion is not constant with depth. Note that
about low water slack it is possible to measure a seaward flow near the
surface with a corresponding landward flow near -the bottom. Such an
observation is due to vertical differences in the phase of the instanta-
neous motion and shculd not be confused with the gravitatiohal convection

scheme of npet estuarine circulation.

Net Currents (Fa;l 1970)

Averaging Techiiique

The primary interest of this study was the analysis of the time~
averaged currents from which the net transport can be estimated. Thexre~
fore, it was desirad to average out the tidal motion, The basic tidal
period is semi-diurnal (12.42 hours); however several factors such as
diurnal inequality, variability of the basic tidal periocd due to other
tidal harmonics, and independent disturbances of unknown period compli-
cate the choice of a suitable averaging interval, Simple unweighted
averages over every two tidal cycles were first formed., Although not
presented here, these showed considerable variability which seemed to

be correlated with the wind.

Further pursuit of this apparent correlation required an averaging
technique that would filter out the high frequency fluctuations (tides)
without significantly affecting the magnitude and phase of the lower
frequency constituents (net currents). A Gaussian shaped numerical filter
was chosen (see, for example, the discussion by Holloway 1958). The
weights for 8 Gaussian filter sum to unity and they are evenly distri-
buted about a principal value, Hence, neither the mean of a time series
nor the phase of its individuel frequency constituents are affected by
the filtering. Figure 10 shows the frequency response function for the
Gsugssian filter. The cut-off frequency, i.e., the frequency at which
the response of the filter drops to a negligible value, is determined
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Figure 10, The frequency response function of a Gaussian filter. %
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by the standard deviation of the filter & . = 8 hours was determined
to be the smallest standard deviation that would effectively remove both

the semi-diurnal and the diurnal tidal periodicities in the West Passage.

The components of the wind and current data were put in fthe form of
hourly time series by takin, unweighted averages of every four 15 minute
current daté points, The origins of all the hourly time series were then
synchronized, Next, running weighted averages were taken using a Gaussian
filter with a standard deviation of 0 = 8 hours. The filtering interval,
or length, was 48 hours (6 0° )., The filter was stepped ahead every
8 hours, except for the near surface record (026) arnd the wind, for which
it was stepped ahead each hour., An 8 hour step was sufficient because the
frequency response function yields negligible values for frequencies
greater than 3 cycles per filtering interval, i.e. periods less than 20
in length, A 1 hour step was used for record 026 and the wind since

hourly values were needed for subsequent correlation analysis.

Results of the Filtering

Figures 11 a, b, and c show the net current and wind time series which
resulted from the filtering operation just discussed. The top two curves
are the east (+) and north (+) components of the wind., The sign convention
used is the reverse of the usual metecrological one, i.e., here it is meant
that a northward wind blows toward the north. The other curves are the
north (+) component time series of the net currvents. The net current
values comprising the time series are spaced 2ight hours apart and repre-
sent a weighted average taken over one filtering interval (48 hrs). Note
the presence of dashed lines rather than data points on October 27-28,
November 2-3, and November 12-13. These particular data are unreliable:
we suspect wind-wave biasing which is impoussible to correct (see Appendix 2).
Qur error analysis suggests that the other net current values are accurate
to within + 0.5 cm/s (also see Appendix 2).

The mean values averaged over the entire record length are given in
Table 4 together with the root mean squere deviations of the filtered and
unfiltered north component time series about their mean values (standard
deviations). Two features are evident from the table: (1) the filtering

reduced the standard deviations by an order of magnitude because the tidal
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motion was removed, (2) record 022, being only half the length of the
others, had a mean value much smaller than expected if one assumed two
layered mean estuarine flow. The first observation implies that the

net circulation in the West Passage is an order of magnitude less than

the amplitude of the instantaneous motion, This is clearly evident from
Figure 12, The second observation raises a question of major impoxrtance!
We know that the circulation in an estuary may vary with wind, river run-
off, tidal strength, etc., but it has been customary to associate averages
over a few tidal cycles with the gravitational convection scheme of estua-
rine circulation. How long then must a current meter record in an estuary
be so that its mean value is truly representative of the gravitationally

convected flow?

Table 4., The mean values and the root meah square deviations about
the mean for the Gaussian filtered ( U = 8 hr) and the unfiltered north
component time series obtained from the fall 1970 Rome Point station,

Positive denotes flow to the north.

North component Height (m) off Mean (cm/s) Standard Deviation cm/s

time series Bottom filtered unfiltered
Recoxd#
026 10.6 -1.1 2.6 22,0
025 8.9 0.4 2,7 22.8
023 5.5 2.1 2.4 21,2
022 3.8 0,1 2,2 17.0
Wind -1.2 m/s 3.2 m/s 3.6 m/s

Digression on Estimating the Uncertainty of the Mean Values

The observed mean values based on our recoxds are, of course, only

estimates of the “true' mean values that could be computed from indefintely

long records, We refer here to an observed mean value as a mean estimatelfa .

The standard error € of the mean estimate is given by,
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where va€/4 is the variance of the mean estimate., Tor the familar

case of Gaussian distributed white noise with standard deviation 2. R

<A

2

Z
VAr/u =
N

SNapT T T

where N is the numbexr of samples., Most oceanographic measurements have
a more complex correlation structure which is unknown a priori. The

g variance of the mean estimate i3 related to this correlation structure

by,

var a4 = —-_%-_-[ c(T) a7t

¢ where C ( TU) is the autocovariance function at time lag T (after the
purely periodic motions have been filtered out) and T is the record

length, e.g., see Bendat and Piersol (1966, p. 185).

i The autocovariance function for the north component of net near

surface curreat (record 026) is shown in Figure 13, From this the standerd
¢ error of the mean estimate was calculated to be 0.8 cm/s. Hence, the mean
Y value of record 026 may be written as -1,2 + 1.6 cm/s (to within the 95
percent confidence interval or two standard errors). The point to be made
s, here is that even with a record length of approximately one month, the
variance of the mean estimate is appreciable in comparison to the small mean
“?i estimate itself. In other words: if we had a different month-long record

- (with the same autocovariance function) and we computed its mean value,

ﬁf we would arrive at an answer anywhere within the specified limits 95 per-

cent of the time,

Regults of Filtering (continued)

In light of the above discussion, although the mean values averaged
!;?; over a month are an interasting result (implying a two layered circulation)
A they are not significently different from zero. Therefore, when viewing

Figures 11 a, b, and ¢, concern should be focused on the variability of

e T

the net currents and their seeming correletion with the wind. Neither of

these features are prevalent in the published estuarine literature f3r two

=S N G
s

reasons, First, sufficiently long recoxds do not seem to have been taken
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in estuaries and second, the averaging techniques employed have not been

suited for discerning these features.

The correlation appears to be strongest between the north components
of wind and net near surface current (record 026); however throughout most
of the records, the coherence between the net currents as a function of
depth is quite obvious., The net currents are also coherent longitudinally
between the Rome Point and Bonnet Shores stations. In particular note the
relation between records 023 at the Rome Point station and 027 at the Bonnet

Shores station both of which were taken at approximately the same depth

(7.3 m).

Qualitative Correlation Analysis

Figure 14 is a scatter plot of the north component of net near surface
current (record 026) as & function of the smoothed north component of wind.
The data peints were taken at eight hour intervals from Figure 1l a, b,
and ¢, This figure is instructive because a qualitative explanation can

be afforded each quadrant.

Quadrants one and three (the upper right and lower left) represent
a positive correlation between the north components of wind and net near
surface current:; that is northward winds tend to produce northerly net
currents and vice versa. If the net near surface flow in the Weet Passage
was typical of two layered estuarine circulation, we would expect it to

be southerly in the absence of wind.

The points in quadrant four (lower right) are the result of winds
blowing towards the north-west, This direction is perpendicular to the
area joining the East and West Passages between Conanicutt and Prudence
Islands(see Figure 1), Therefore, fourth quadrant points are represen-
tative of wind induced flow from the East to Wast Passage. The resulting

flow in the West Passage is south by continuity.

Most of the second quadrant points occurred after the sudden arrest
of a strong southward wind., When a wind blows over a confined body of

water it causes the surface to slope, thus balancing the stress of the

ﬁﬁ
wind., Upon removal of this wind stress the water flows in the opposite ;%
direction to remove the slope. Hence, second quadrant points represent ﬁﬁ :
%
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a northward flux of water after the subsidence of a strong southward wind.

This phenomena will be referred to as a rebound,

Figure 15 is a scatter plot of the north component of net near sur-
face current (record 026) as a function of the smoothed east component of
wind. The poiuts were plotted as in Figure 14. Although disperse they
show & general positive correlation whereby winds blowing west tend to be
associated with net currents flowing toward the south and vice versa.
This is consistent with the idea of wind induced transport between the

East and West Passsges.

Vexrtical Distributions of the Net North Velocity Component at the Rome

Point Station

Vertical distributions of the net north velocity component for dif-
ferent situations are shown in Figures 16-19, The distributions were drawn

from the Rome Point station data as given in Figures 11 a, b, and c.

The vertical distribution of the net current time series averaged over
théir entire record length of one month is shown in Figure 16, Two pair of
uncertainty bounds are also given. The first, and narrower, band ( + 1.6
cm/s) is the uncertainty of the mean estimate as discussed previously.

The mean estimates suggest a two layered flow with inflow at depth and out-
flow near the surface, but we are forced to recognize that the numerical
values are not significantly different from zero, This awkward result

does not derive © -m measurement error, rather from the large variability
of the signal itself, The second bard ( + 2.6 cm/s) indicates the large
variability of the signal, It is one standard deviation of the net current
time series about their mean values, This is the day-to-day variability
that should be expected due to the vagaries of the weather. It is clear
from Figure 16 and 11 a, b, anc ¢ that the net flow may be either seaward

or landward throughout the water column for durations of up to 2~3 days.

Figure 17 shows two contrasting cases, one for styong winds toward
the southwest, and one for strong winds toward the northwest., The former
case results in two layered flow with the upper layer speeds greatly en~
hanced. The latter case, as previously mentioned, results in a transport
of water from the East to the West Passage. HNote that the flow near the

h s e e o W o




:’3.1(‘
4
r%: /, p
/ ,/
i; Vo I, ’s
. ,’ +
S%’ 2-0 " , L] x/ ¢
& /
B, / ’
"’; ' 40 :
‘. — |
ﬁ 5
g%«, &
i - 60F
— ;
0. E
lELji .
80—
g
0.0 i
3
120~ ¢ \
H ii ;
40 1.
SOUTH f :

SPEED (cm/s)

Figure 16. A vertical distribution of the net north component

LS VU N

of velocity at the Rome Point station. Included

are: the mean values averaged over the entire P S
record length of one month (center curve), the mean
values plus and minus two standard errors of the ‘
mean (2 & ), and the mean values plus and minus q

one standard deviation of the signal ( @ ). e




~34-

; |
Cod
|
i (
’ A ot~
E :
g ;
6 .
- F :
b oy !
| Q. H
\‘ A L’-j {
‘ { e 8- :*
P i
,: !
i \
A o  \ ;
- |
\\ |
| v 02300 250CT. 70 ! i
12}- \\ e e07:00 23 0CT 70 P
: l <1 l | l ] L
: 2.0 0 20 4.0 6.0 8.0 10.0 ! .
3 NORTH SOUTH ‘ p
| SPEED (cmifsec.) o
o
;' Figure 17. The vertical distribution of the net north component of ’ ‘
3 7
§ velocity at the Rome Point station comparing winds ' ;
E: blowing toward the northwest and southwest, !
S




P
h
4
H

,’zl
Ve

(m)

o e e

DEPTH

S,
el X Ba?

e

0 2300 280CT.70
607:00 |7 NGVTO

PR TSN PO SPONEP AP

7

20 4.0
SOUTH,

z

St

SPEED (cm/s)

B S P YU NN

E“}év:t‘r

PR

s,

%
%
g

The vertieal distribution of the net north component

of velocity at the Rome Point station for two

Figure 18,

WA TRk e b e e

SR

independent rebound events.

s neney




T T

o

N, R s el Db S . NP . Sacimnpit <ot e

TR M X

[

N Tee e

sy ot

S il W’

A S AT O L S

«36-
h) 4
! i
/ 7
// ///
2l o —
~ 4"" T
E
6»-...
=
5 /
\ !
o 8 \ | -
‘o
\
v
v L
o]
\\.\
N o 1500 7 NOV, 70
12 N e 1500 8NOV. 70
— \ ¢
] { i }
4.0 2.0 0 20 4.0
NORTH SOUTH

SPEED (cm/sec)

Figure 19. The vertical distributicn of the net north component of
velocity at the Rome Point station showing the resporse

of the West Passage to a quick reversal in wind direction,

i
3

A AN AR AANRIS Lo LR WSS . Gem i ey

PR N

ACITRITY

R bt v Lty e,

AT i




Iy

-37- .
o surface, although south, is impeded by the wind relative to the larger
speeds in the deeper waters.

Figere 18 shows two independent rebound events. Prior to both events
the wind blew strongly toward the south thus driving water out of the West

Passage. Rapid abatement of the wind resulted in a lower layer influx of

AR B

water to re—establish equilibrium. Although they occurred about three

! weeks apart, the two events are almost identical.

Figure 19 showe how quickly the West Passage responds to a change in
wind direction. Within a day the entire distribution is seen to shift from

. northerly flow to southerly flow in response to the wind,

Net Transport

The net transport of water through the West Passage, at the Rome Point
station, was estimated for the flow situations just discussed. The speeds
{ : were taken from Figures 16-19 and the cross sectional areas wexe obtained

é from Figure 2. It was assumed that at any given depth the net north com-
’ ponent of velocity does not vary laterally across the section. This as-
sumption was substantiated by Kowalski et al., (1971). They found the flow K
to be uniform to within approximately 20%. é

-

) : The results are shown in Table 5. Three values are given for the

A s
- N

TS s

trangports. The upper and lower layer values refer to flow above and

below the zero speed point and the total is the sum of the upper and lower

I
P
SRt

YRR
FOETNE

gy

layers. Since the zero spead point is variable so are the extents of the

Y Hnp

upper and lower layers. In some situations layering does not exist, i.e.,

v @

‘ é flow is entirely north or south, so only the total transport value is é
N ;f given. Also shown in the table is the corresponding fresh water input % ?
% i’ to the West Passage (see Appendix 3). % %
D T
f ; The error bounds on the net transport estimates were calculated from %% i
; the error bcunds on the net speeds (+ 0.5 cm/s, as shown in Appendix 2). i% ;
Since the Rome Point station was situated near the deepest part of the hé é

'
i channel i1t is believed that any lateral variability would tend to decrease
) the net transport. Hence, the transport estimates given in Table 5 may

be considered as upper limits to the actual net transport.
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Table 5. The net transport of water through the West Passage as
computed from the fall 1970 Rome Point station data. Estimates are given

for the mean plus or minus two standard;t errors, the mean plus or minus
one standard deviation (s.d.) and for various wind conditions. The river
input rate (see Appendix 3) is also included for comparison. An asterisk

indicates values that are not statistically different from zero.

Condition Transport (m3/ S.)

Time Upper Layer Lowver Layerxr Total

Mean + two standazd
errors of the mean -150% 110% - 40% + 340

Mean + one s.d, of

the signal -540

Mean - one s.d. of

the signal 460

Strong wind from S-E
07:00 23 Qct. 70 - 60 + 100

Strong wind from N-E

15:00 26 Oct., 70 -1160 + 80 90 4+ 20 ~1050 + 100
Rebound

23:00 28 Oct. 70 ~50 4+ 20 660 + 80 610 + 100
07:00 17 Nov, 70 ~50 4+ 20 580 + 80 530 + 100
Reversal .

15:00 7 Nov., 70 39¢ + 100
15:00 8 Nov. 70 -400 + 80 10 + 10 -390 + 100

Fresh water input -5
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Correlation Analysis between the North Component of Wind and Net Near

Surface Current

The net current structure in the West Passage arises in a complex
manner with the magnitude, direction,and rate of change of the wind
overshadowing the gravitational convection scheme of estuarine circulation.
Qualitative Interpretations have been given in the previous sections con-
cerning the east component and the rate ¢ I change of the wind. Since both
quantitatively and dynamically, the most important factor seems to be the
north component of the wind, its relation to the net circulation will now

be studied in more detail.

Two measures of the linear correlation between the time series x(t)
and y(t) are the correlation coefficient and the squared coherence function
(a discussion of the statistical parameters used in this section may wvu
found in Bendat and Piersol 1966). The correlation coefficient /oxy (T,
gives the average linear correlation between the two series in their

entirety 2s a function of their relative time displacement, or lag, T .

It is calculated from,

0 = Cuy ()
[ C.(0) Cy(0)

where CX(O) and Cy(O) are the variances and ny ( T) is the crossco-

variance of the two time series. A more detailed display of the cor-

relation structure is given by the squared coherence function and phase,
2

13(f) and €z§£), at frequency £, i.e,, both the magnitude of the

correlation and the relative phase is given for all frequency bands con-

stituting the data. Xj;f) is computed from,
2
2 G, (F)
G, G,

whare Gx(f) and Gy(f) are the autospectral density estimates and \ny(fﬂ
is the magnitude of the cross spectral density estimate at frequency £,

8. (£) is computed from,

v V] @)

9,,,\5.(43 = Tan ot Ik
Gy (O
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where Qxy(f) and (ny(f) are the quadrature and co-spectral estimates at

frequency f.

Another statistical description of x(t) and y(t) is the transfer

function ny(f) which may be expressed in polar form as,
Hy(®) = \\-\,‘3 (4)\ exp (-i 8',“5(43)

The magnitude of the transfer function equals the ratio of a given fre-
quency constituent in series y(t) to that of series ¢(t) and is calculated

from,

vy (£
0] = ‘Ge:(z)}

1t was desired to compute these statistics between the noxrth compo-
nents of wind and net near surface current (record 026) shown in Figure
11 a, b, and c¢c. This was complicated by the non-stationary nature of
the two time series, Inspection suggests that the non-stationarity is
primarily associated with the lower frequencies; periods greater than
4 days. Hence, the two time series were bandpass filtered to exciude
both the tidal frequencies and the low frequeucies causing non-stationarity
problems, This was accomplished by three steps: (1) the high frequencies
were filtered with a U = 8 hr Gaussian filter as described earlier, (2)
both intermediate and high frequencies were filtered with a U= 24 hr
Gaussilan filter thus leaving only the low frequencies (refer to Figure 10
for the frequency response), and (3) the results of step (2) were sub-
tracted from those of step (1) thus leaving only the intermediate fre-
quencies, The frequency response function for the end product equals
the frequency response of the = 8 iar filter minus that of = 24 hr
filter.

The results of the bandpass filtering may be seen in Figures 20 s,
b, and ¢ along with the low frequencies that were excluded. The sum of
the low and bandpass time series equals their respective series given in

Figures 11 a, b, and c,

The bandpass filtered time series of the north compenent of wind x(t)

and the near s.uace current y(t) were spectrally aralysed for the compu-
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NORTH COMPONENT OF WIND
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£
. Figure 20 a. The bandpass filtered time series of the north components
v of wind asnd near surface current (record 026) at the P.ome
} Point station.
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Figure 20 b, The bandpass filtered time series of thé north components of

wind and near surface current (record 026) at the Rome Point
station,
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and near surface current {record 0%26) .at the Rome Point station.
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tation of (agﬂ'f )Jﬁj}%ftsf), and ny(f). The results now follow.

The maximum value of the correlation coefficient between the wind
and net near surface current occurs at zero lag and equals 0,62, Table 6
gives the other pertinent statistics. Only those frequency bands for
vwhich the response of the bandpass filter was greater than 0.5 are in-
cluded. Since 2 rather narrow frequency range fell within this category
it was necessary to highly resolve the spectra. 12 degrees of freedom
were used for the calculation so with a 5% significance level, the null
hypothesis is rejected with 90% confidence for squared coherences greater
than 0.4 (see Amos and Koopmans, 1963, p. 41). 1In other words, with per-
haps the exception of 0.0167 c/hr, all squared coherences given in Table 5
represent real wind-net current correlations and are not just a product

of noise interaction.

Table 6. Squared coherence, phase, and transfer function for the
bandpass filtered north component time series of wind and net near sur-
face current (record 026). The data were cbtained from the f£all 1970
Rome Point station. A negative value of phase indicates that the net

current lags the wind.

e e A e e v

il ot AN o i £ AR

RN 2

Frequency Period Squared Phase Transfer Function
(e/hz) (hr) Coherence {hr) ’ Magnitude
0.0125 80 0.63 +8.0 0.49 x 1072
0.0167 60 0.41 +2,0 0.48 x 1072
0.0208 48 0.65 -3.0 0.73 x 1072
0.0250 40 0.68 2.4 0.72 x 1072

I PRL e

e

The coherence is largest at the frequency bands centered on 0.025
and 0,021 cycles per hour (encompassing periods of 1.5~2.5 days). Also,
the net current lags the wind. Hence, it appears that the water column

responds well to the wind as a causal mechanism of net currents.,

The phase lag between variations of wind and the water response can
be readily explained since the input of momentum to the water by wind

requires a finite amount of time., An order of magnitude estimate of

.
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this time may be obtained from the appropriate terms in the momentum

conservation equationms,

duw _ 87T
/o“t §z

where fL is the water density, u is the water speed, ¥ is the wind
stress, t is time, and z is depth. Neglecting bottom stress and inte-

grating vertically results in,
du.;ﬂ__ ~

a3z J

where h is the total depth. Assuming a constant wind stresgs, the time

required for the water to reach a given speed ‘u is now,

rq"Lth
el

The wind stress may be calculated from,

:f - f% Cy w*

wvhere (= is the air density, Cd is the drag coefficient, and W is

the wind speed. Thus, the response time is

L= P, Hh u
Pa- Ca W “Af
The above guantities are either known or may be calculated. The

ratio u/w was found to be stable at 0.7 x 10“2 for periods about 2 days
(Teble 6)., For an r.m.s. wind speed of 3.6 m/s the drag coefficient Cd
is 1 x 10"3 (see Wu 1967, p. 17). The average depth at the Rome Point
section (Figure 2) is 6,7 m. Using these values in the preceding equation
we arrive at a response time of 3.6 hrs. This calculated response tine
agrees fairly well with the observed phase lag of approximstely 3 hours
for wind fluctuations of period about 2 days. The point to be made from
this simple calculation is that the phase lag of the watexs response to
wind fluctuations can be adequately accounted for by the water's inertia;

frictional coupling with the bottom need not be involved.
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Considerable past work has been performed to determine the ratio of
current speed to wind speed ("wind factor”) in the open ocean. These in-
vestigations are summarizeh in Defant (1961 p. 418) with the general
result being 0.01 - 0,02, or roughly twice that as obtained here, ‘The

value obtained here is expected to be less because in coastal waters, the

, e
P e R N
e o T . .

effects of stratification and especially limited fetch tend to decrease

the wind induced motion,

W -y

At lower frequencies the coherence decreases, as noted from Table 5

and inspection of Figures 20 a, b, and ¢, and the phase reverses, i.e,

the current leads the wind. The latter is not consistent with 2 physically
reasonable cause (wind) and effect (nmet current) mechanism, but it does not
preclude one. Tt simply points to the complicated nature of the system
whereby mechanisms other than the norfh component of wind (such as the east
component of wind, the rate of change of wind, as well as gravitational

convection) are important in driving the net circulation in the West Passage.

Net Currents (Spring 1971)

The results of the spring net current determinations are similax
to those of the £3ll, Unweighted averages of the north components of
current were formed over every two tidal cycles and the wind time series

were smoothed with a O = 8 hour Gaussian filter. The results are given

R S N

in Figure 21, Since the second instrument from the surface failed no

data is available from the middle of the water columm.

Unfortunately the wind conditions during the spring measurements
were more severe than during the £all, and a larger percentage of the
current data points may be bilased as designated by the dashed lines in

Figure 21, Table 7 gives the mesn values and root mesn square deviations

about the mean for the north component time series of net curvent.
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2\ Table 7. The mean values and root mean square deviations about the

; mean for the net currents obtained from the spring 1971 Rome Point .
§ station. Positive denotes flow toward the north. f .

. i,

Recoxrd Hoight (m) measured Mean (em/s) Standard Deviation (cm/s) !

g from the Bottom ;

t 4

10.6 "0.1 304 f

2 8.9‘ 4.6 103 ;‘;

2,1 5.0 1.6 i

No significance can be given to the mean ¢f record 1 due to the pre- ?
dominance of possibly biased data. However, certain features of the spring :
1971 net currents are noteworthy. The deep net currents are slightly
greater and less varisble than those for the fall and are directed lend-
ward, This may be attributed to the increase in stratification as shown
in Appendix 4, An apparent rebound seems to have occurred on 28 and 29

f March., We find the net water flow to be northward at all depths upon the

ENEEL O R ST

subsidence of a strong southward component of wind. This observation is

Sa v L

; in agreement with similar observations dnring the £all 1970 experiment.
i Also of interest are the relatively large southerly net near surface current
L values about 22 March, This corresponds to a period of maximum river input

as shown in Appendix 3,
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IV DISCUSSION

Wind Induced Transport

The net water transport through the West Passage rarely, if ever, B
[ equals its river input., Rather, the net transport may be directed sea- -
e ward or landward over the entire water column in response to the wind.

b
t[“ - I - . . .
e This section will discuss some features of wind induced currents as they

apply to the West Passage.

Lot L o F .

The direction and variation with depth of wind generated currents
was studied in detail by Ekman (1905). Graphical solutions for wind
induced currents near a coastal boundary are given in Figure 22, In-

o cluded are various examples for different ratios of water depth to the

ht
L e S s

e

so-called depth of frictional influence, or Ekman depth, and wind direc-

e

tion relative to the coastal boundary.

G LR N e e

The depth of frictional influence depends on the eddy transfer of

o
R

momentum through the water column. In the absence of abrupt deusity
changes, the Ekman depth in a stratified fluid is similar to that for

a homogeneous fluid and it is calculated to be of order 50-100 m assuming

TERY
v
SR N e« Ay e

NI
IRV IR R S R

a constant eddy viscosity coefficient (see Neumann and Piexrson, 1966,
pp. 195-197 and 210). Some observations suggest that the Ekman depth @f
is less since the eddy viscosity coefficient associsted with wind in- ;;

w8

7,

4

E{ R

Eﬁ:

5:'4
%
<

duced motions is not constant but rather decreases with depth (e.g., ;1
see Sverdrup et al, 1942 p. 496). We conclude, however, that the Ekman !
depth is larger than the depth of the West Passage and a situation similar
to examples 7 and 8 of Figure 22 should apply to a wind blowing parallel
to the West Passage. The resulting current vector lies approximately in

the direction of the wind throughout the water column and decreases to

zero at the bottom., This agrees with the present observations (see

Figure 19).

* The wind induced water transport in an enclosed basin resaults in a
- surface slope whose associated pressure gradient balances the wind stress
on the sea surface. Neglecting stratification, this slope’& is given by,
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E Figure 22, The vertical distribution of Ekman's elementary current
system projected on a horizontal plane, Examples 7 or 8
: apply to a wind Blowing parallel to the axis of the West
; Passage (from Elman (1505)).
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t, wvhere J 1is the wind stress, d and /%, are the water depth and density
. and g is the acceleration of gravity (e.g. see Defant 1961, p. 419). The

effect of stratification is to increase the slope; however for durations

> of a few days the above equation is a good approximation (e.g. see Defant ?
" 1961 pp. 545-547).

For a rectangular basin of length x the characteristic time t to set

oo T A e P

i up the required slope is,

e

2

%
t = s

ARY)

R

TR
a0

where v is the average velocity over the water column, DPutting in the

R

appropriate numbers for the West Passage it is estimated that, once the

S

g” water column has been set in motion, it takes less than an hour to re~ j”
%f distribute enough water to balance the stress of a 5-10 m/s northward <§'
b i3

g} wind. 1In other words, we might expact there to be a net transport over g-
g{ the entire water column for a few hours 2f sufficient volume to establish ‘éf
%; a new water level. However, the observed velocities show that net inflows éé
‘g or outflows may occur for a few days. We conclude, that under these con=- jf
%é ditions, there must be a net transport of water from West Passage to Bast ; :
‘ﬁ Passage or vice versa. 35
; The flow from the West Passage to the East Passage under the influence i i
,i of a northward wind may easily be explained by the difference in the depths f Z
z‘ of the two passages. West Passage ig only about two thirds as deep as the % ;
%f East Passage. Since the surface slope is inversely proportional to depth, gé
? the water in the West Passage is ralsed somewhat higher than in the East 2}?
‘i: Passage, resulting in a west to east driving force, Table 8 offers a i?é
‘e sample calculation showing that under the influsnce of a 10 m/s northward ?:

wind a hydrostatic pressure head of about 2 cm results at the northern tip
e of Conanicutt Island., The adequacy of this pressure differential as a
driving mechanism may be shown in either of two ways: (1) by calculating
v the resulting pressure gradient force between the West and East Passages

or (2) by calculating the resulting potential exit velecity V using

s
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vV = /23&\4

The former calculation suggests that the west to east pressure gradient
calculated over a distance of 2 km is the same order of magnitude as

the tidal forcing function. The latter yields a potential exit velocity
of around 60 cm/s. 1In either case it is concluded that the mechanism
just described is a physically reasonable means of driving water from

the West to East Passage under a .moderate northward wind.

Table 8. A sample calculation showing the surface elevation at the

northern tip of Conanicutt Island under the influence of a 10 m/s north-

ward wind.

West Passage East Passage
Wind Speed, 10 m/s 10 m/s
Wind Stress, 3.5 dynes/cm2 3.5 dynes/cm2
Fetch 10 km 10 km
Average depth, d 0m 15 m
Wind induced elevation, H 5 cm 3 cm

W T=26x107 qw’

(2) H = (slope) (fetch); slope =3 _F
2 puqd

Phase Advance of the Instantaneous Motion with Depth

The phase advance of the instanteaneous motion with depth may arise
as an effect of bottom friction. Consider a simplified two-dimensional
model of a harmonically driven currxent U(z,t) moving over a flat bottom.
Let x denote the longitudinal axis and z the vertical axis (directed up-
ward from the bottom). Assuming a homogeneous fluid with constant eddy
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viscosity coefficient A, the linearized tongitudinal equation of motion

becones, -
oy %y C ot
—aae. — prondSn iy —— «
ot Aazz Foexp(d )

where F exp (i®t) is a haxmonically varying pressure gradient force per

unit mass, Using the hydrostatic assumption for a homogeneous fluid, it
can be shown that the pressure gradient force is constant with depth and
equal to I B%X , where h is the height of the sea surface.

An intuitive explanation of the phase advance may now be given. A
tidal current reaches its maximum absolute value when 335t= 0. 1In the
present model, this occurs when the pressure gradient force is balanced
by friction. The former is constant with depth while the latter arises
from *he bottom and decreases upwards. Hence, a%két.= 0, first
ocecurs near the bottom and then occurs progressively later toward the
surface, 1t follows that the near bottom currents lead the surface

currents.

Lamb (1932, pp. 622-623) gives an exact solution to the preceding

equation of motion subject to the boundary conditions,

[
ii

0 at z
0 at z

0; no slip

il
i

h; no shear stress at the surface.

The solution is

where/3== [ﬁ%&\ . The particular part, F/w sin &t, is purely oscilla-
tory; analogous to an irrotational wave, The complimentary part, -F/w

exp (~-Bz) sin (Ot~ Isz), has rotation and characterizes the disturbance

due to bottom friction. The vertical extent of this frictional disturbance

may be chosen as the point where e—";z = e'Tror at z ='§ﬁé . Hence, the
vertical extent depeads on the frequency of the motion and the eddy ex-

change of momentum., Two numerical examples sre given in Table 9, one for
molecular viscosity and one for a value of the eddy viscosity coefficient
obtainad for the James River estuary by Rattray and Hansen (1962). It is
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seen that bottom frictional effects may permeate most of the water column

in a shallow estuary.

Table 9. Sample calculations showing the vertical extent of bottom

frictional effects.

Molecular Viscosity Eddy Viscosity
(after Lamb (1932))

A = 0,0178 cmZ/s A=4 cm2/s

2W /12.42 radians/hr 27 /12,42 radians/hr

)
p = %A 6.3 m " 0.42 m™*

Vertical extent = % 0.5m 7.5 m

Lamb's soluticn may be put in the simpler form of

U(z,t) = B(z) sin (wt- &t(z2))

where

B(z)=U°‘:1-2exp (-/az) cos /3z+exp (—2/—,‘»2%

and

~1 r-sin z
X (z) = TAN Lexp :z-cos £ z—j

from which the limit of «((z) as z approaches zero is 45 degrees., Figures
23a and b show the amplitude B(z) and the phase o{(z) for a semi-diurnal
oscillation using various eddy viscosity coefficients, Three sets of semi-
diurnal component data points are included in the figure., One set was
computed over four tidal cycles in the Pawtuxent River estuary by Cannon
{1969). The cther two sehs are averages formed over the four neap and
spring conditions given in Table 3, The agreement between the observations
and theory is pleasingly good. Note that ouxr data shifts from neap to
spring tides toward a larger value of eddy viscosity, as would be expected

for an increase in current speed,
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Figure 23 a, b. The depth distribution for the relative amplitude
and phase of a simple harmonic oscillation over a
% flat plate. Curves are given for three different
values of the eddy viscosity coefficient. The
tﬁ comparative data points are from Cannon (1969)
- and the present study.
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As nice as this simple frictional model appears, it does not fully
explain the observations shown in Figuve 8, i.e., the phase advance in
the West Passage varies with lunar phase and is asymmetric about a tidal
cycle. The phase advance is most visible to the eye at the times when
the speed passes through zero., As interpreted from these zero crossings,
the phase advance ranges from about 1-3 hours for neap and intermediate
range tides to near zero for spring tides. This result is puzzling: we

would expect the phase advance to be larger during spring tides if it in-

deed sriginates from bottom frictiomal drag. The paradox is resolved by
referring back to the Fourier decomposition of the signal given in Table 3.
Looking at the MzAcomponent alone; we see that the average phase shifts
between currents measured &t depths of 2.1 m and 7.2 m are 0.18 radians
for neap tides and 0,25 radians for spring tides (as in Figure 23),.
Therefore, although the phase advance of the signal as a whole (as detex-
mined frem zero crossings) decreases upon the approach of spring tides,

the phase advance of the M2 component does, in fact, increase.

The cause for the larger zero crossing discrepancies during neap
tides resides with the higher tidal harmonics which are relatively more
important about neaps. Small changes in the amplitude ratio or phase
between the MA and M2 harmonice markedly affect the zerc creesings (For

example, see the U.S.C. & G.S. Sp. Pub, # 260, p. 36).

In summary, bottom frictional drag appears to be an underly’'ng factor
in the observed phase advance with depth of the instantaneous tidal currents
but it is not the only impurtemnt factor. Higher tidal harmonics modify and
complicate the waveform, particularly about neap tides, thus accouating for

real time surface to bottom phase shifts of as much as 3 hours.
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V SUMMARY AND CONCLUSIONS

The primary interest of this study was the analysis of the net
motion, i.e., the motion exclusive of the periodic tides. Net current
time series were obtained by filtering the diurnal and higher tidal fre-
quencies out of the imstantanecus current meter records, The resulting
net currents during the fall of 1970 were found to be an order of magnitude
less than the instantaneous motion and well correlated with the prevailing
2-10 m/s winds. The correlation was strongest between the north components
(parallel to the axis of the West Passage) of wind and net near surface
current. For periodicities about two days the squared coherence and phase
between the north component _ime series of wind and net near surface current
were 0.7 and 3 hrs, The north component of net current also exhibited co-
herence vertically at both stations, as well as longitudinally between them.
Hence, the West Passage seems to respond well to the nor.h component of wind

as a causal mechanism of fluctuating net currents.

Net transport calculations were made for various wind conditions,
It was found that the net transport of water through the West Passage may
be directed either seaward or landward over the entire water column in
response to the wind, for durations of up to a few days. We conclude that
a corresponding water transport occurs between the Easi Passuage and West
Passage. Typical wind induced variations in the net water trsusport through
the West Passage are roughly + 500 m3/s (one standaxd deviation of the net

current signal),

In order to investigate the gravitationally convected circulation
apa~t from wind effects, the net curr¢nt time series were averaged over
th:ir entire length of one month, The resulting mean estimates exhibited
a two layered structure with a seaward flow in the upper layer and a land-
ward flow in the lower layer. However, due to the large variance and non-
stationary nature of the net current time gserles, the mean estimates were
not significantly different from zero., Furthermore, it is doubtful whether
the gravitationally convected circulation in the West Passage can be ex-
tracted from current observations, irrespective of record length. In a
single channel estuary the net transport must equal the river imput, In

that case, a mean flow estimate can be representative of the gravitationally
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convected circulation, but, only if the averaging interval is sufficiently

larger than the periods of local wind fluctuations, even if the winds are

Mg Y

.. light, This is an important result. It warns estuarine investf:igators

144

e --at least in Narragansett Bay-- not to put much confidence in mean values
3.

' computed from data taken over only a few tidal cycles.

-

o In conclusion: the West Passage of Narragansett Bay does not behave
b4

i as a typical two-layered estuary for two reasoms. First, the day to day
& “

¥ . . «
o net water transport through the West Passage does not equal its river imput.
ﬁf Second, gravitational convection, although of underlying importance, is
3,

g eclipsed by wind as the dominant mechanism driving the net circulation.
T Hence, the net circulation .in the West Passage should be viewed as a sto-
3

i chastic process. It is suggested that the next step in its study be the
7

H development of a predictive model, whereby the net circulation could be
& , . R .

i estimated from such parameters as wind speed and direction, river runoff,
?? and atmospheric pressure. 2
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APPENDIX 1

Instantanecus Motion

The north and east components of current obsexrved during the fall
1970 and spring 1971 experiments are shown in Figures A 1.1 through

A 1,9, The figures were drawn using one hour averages.

These data aré available at the Graduate School of Oceancgraphy,

University of Rhode Island.
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APPENDIX 2

Exror Analysis

The high frequency resolution of a Savonius rotor current meter
is limited by the recording scheme (previously discussed) and the response
characteristics of the rotor and vane, Inadequate resolution itself would
not be problematic here, excepting the non-linear behavior of the rotor to
rectify motions above a critical frequency (different than the Nyquist fre-
quency of 0.1 cycles per second). This section will discuss rectification
of motions due to surface waves in order to obtain an estimate of their

biasing impact on the data,

Consider a steady current V, upon which a sinusoidal disturbance Vy
sin & t is superimposed. If Vj 4 Vo, the direction vane would remain
stationary while the rotor would speed up and slow down with the same
frequency as the disturbance. Any rectification of this periodic rotor
response would appear as a fraudulent increase in current speed; biasing
subsequent computations. If Vg > V,» as may be the case during slack
water, the vane would also respond to tha disturbance. Therefore, at
slack water, either abnormally high speed recordings or variable dirsctions

may indicate the presence of wave biasing.

The response of a Savonius rotor to the situation just described has
been studied by Fofonoff and Excan (1967). The response decreases with
increasing frequency with the attenuation being large for "effective
wavelengths'" less than the critical value L, = 164 cm. This critical

Veffective wavelength' is related to the steady current by,

where T is the period of the disturbance. L, also represents the scale
of motion below which the rotor response becomes non-linear. TFor Yeffective
wavelengths" less than 164 cm, they gave the ratio of apparent rectified

current §V to the steady current as,

2
$v/vg = 0.337 (Vrms/v,)°
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v 7
%l where Vrms is the root mean square of the disturbance Vq. For Vrms/Vo =
;: 0.24 the ratio SV/Vo approaches 0.02, Unfortunately the above equation
& isn't applicable for rms fluctuations approaching the magnitude of the
: steady current. Hence, it can not be used during times of slack water.

A “ 1£ V, > 10 cm/s v, { 10 cm/s only occurs in the West Passage

? = about slack water) the above analysis suggests insignificant rectification

for Vy < 4 cm/s. Similarly for 4 cm/s < V4 < 8 cm/s rectification

may contribute + 1 cm/s to the true current speed., Application will now

- sl S AT

be made to waves in the West Passage.

- e

Under the influence of a deep water wave, a water particle follows
a nearly circular path whose vadius decreases exponentially with depth z.

The horizontal component of the motion U is described by,

v G s e

k) 2W2) i 26
g U o= = ex?( . ) SuLn T |
¢ . 2wt "
‘ = Vd SN

CANIAN o

vhere H, L, and T are the wave height, length, and period., In order to
estimate Vg it was first necessary to estimate H, L, and T using wave

forecasting techniques Wiegel (1964) and Sverdrup and Munk (1947) .

The growth of waves in the West Passage is fetch limited, Figure
A 2.1 shows the region of interest broken into eight segments, each with
a given fetch, Wave height and wave age (the ratio of phase speed to
wind speed) were obtained as a function of wind speed and fetch from
Figura A 2.2, Figure A 2.3 was then used to calculate the corresponding
wavelengths, The results, giver in Tables A 2.1 a, b, and ¢ are con~
sistent with common experience. Since the calculated wave periods are

all less than 3 sec, the scale of the wave motlon relative to the tidal

s e i S oA SR S A B\ W, TS

T A
SR g o R T T AR O T Y A (SN g e

g % current is less than the critical "effective wavelength" L,; hence some

/ i rectification is expected. i
s £

: g Table A 2.2 gives the magnitude of V4 at a depth of 2 m (depth of the

% % near surface currxent meter). These values are overestimates since no con~

sideration has been given to the width of the wind generation field, a

factor which also limits the growth of waves, e.g., see Wiegel “1967)

p. 230, The dashed line demarks the limit after which wave biasing may ;
be troublesome. All wind speed and fetch combinations to the left of )
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Table A2 .1la.

speed and fetch.

Calculated wave heights (em) as a function of wind

-78-

Fetch (km)

12
16

Wind Speed (m/s)

2 4 6 8 10 12
6 15 22 29 35 40
8 21 33 43 52 61

28 48 61 75 93

10 29 55 80 97 116

10 33 63 93 112 134

Table A2.1b.

speed and fetch.

Calculated wave lengths (m) as a function of wind

Wind Speed (m/s)

2 4 [ 8 10 12
2 0.7 1.5 2.4 3.3 4.1 5.1
= 1.2 2.1 3.3 4.7 5.8 6.9
< g 1.8 3.3 4.9 6.1 7.7 9.9
§ 12 2.2 3.8 6.0 8.2 9.7 12.0
& 16 2.6 5.0 1.4 9.9 11.2 13.4
Table A2.1lc. Calculated wave periods (sec) as a function'of wind
speed and fetch.
Wind Speed (m/s)
2 4 6 8 10 12
2 0.6 0.9 i.3 1.5 1.6 1.8
E 4 0.9 1.2 1.4 1.8 1.9 2.0
~ 8 1.1 1.4 1.8 1.6 2.2 2.5
o<
S 12 1.2 1.8 2.0 2.3 2.4 2.9
)
=16 1.3 1.8 2.2 2.6 2.7 2.9

PN
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Table A2.2. The magnitude Vd (cm/s) of the wave induced water
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motions at a depth of 2 m (depth of the near surface current meter).

The dashed line demarks the limit after which wave biasing may be

troublesome.
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£ that line should have less than a + 1 cm/s effect upon the instantaneous

current measurements.

Figure A 2.4 is a progressive vector diagram of the wind during the

fall measurement program. Comparison with Figure A 2.1 and Table A 2.2

T A o

shows that the wind conditions, for the most part, were below the limit

to cause wave biasing. Only on three occasions; October 27-28, November

ST T
-

2-3, and November 12-15, was biasing imminent. Indeed, careful inspection

of slack water current speeds and directions confirmed that those were

the only times when biasing seemed apparent. It is interesting to note

R T o

that the latter two occasions are also the only times that the calculated

B T
et

13

N e s

net currents lacked a strong correlation with the wind.

Figure A 2.5 is a similar progressive vector diagram for the spring

P

program, The winds were generally stronger than during the fall and
biasing may be expected during 21, 24-25, 27-28, and 31 March. This

B

increased proportion of biased record may zccount for the decrease in

eyt

! g correlation between the wind and net near surface current during the

spring program.

No corrective measures can be taken when biasing is suspected.
Therefore, the data during the forementioned times must be viewed with
skepticism and probably discarded. For the rest of the measurements,
however, the errors attributed to wave biasing are less than + 1 cm/s.

The contribution of these errors to the net current determinations is

R e R e i R L% Y
R SR S - N Rl

negligible to the extent that they are symmetrically distributed about

"
g

a tidal cycle., Since 93% of the energy in the wind fluctuations occurred

i

at periods greater than 12 hours the biasing errors should indeed be

1y SRR
R hinet
REESN S

F ¥ negligible. The worst situation is one in which the biasing errors are

present only during ebb or flood tide. In this case the error introduced

R i

to the net currents would be + 0.5 cm/s, Hence, except for the specifi-
; , cally designated points in Figure 11 &, b, and ¢, the biasing of individual

8 net current estimates due to waves is less than + 0.5 cm/s.

Fo Presumably, these errors are randomly distributed over the entire
sampling duration so their effect upon the means of the net current times

series is very small. Therefore, the uncertainty of the means is that

due to the varisbility of the time series as discussed in the text,
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Figure A 2.4 Progressive vector diagram of the wind during the
fall 1970 experiment.
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Figure A 2,5 Progressive vector diagram of the wind during the

spring 1971 experiment,
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: Another source of error is the + 3 percent calibration uncertainty
) of the Savonius rotor. This results in only a + 3 percent error in the
ot net currents which is negligible.

Canron (1969) measuxad net currents at a depth of 3 m using both
Savonius rotor current meters and current meters that had been specifically
designed to resolve high frequencies, He found very gcod agreement between

b the two, thus substantiating this discussion.
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APPENDIX 3

Fresh Water Input

There are four rivers feeding the western side of Narragansett Bay.

These are the 3lackstone, Woonasquatucket, Pawtuxet, and Potowomut

rivers, the location of which are shown in Figure 1, Gauging station

data obtained from the U.S. Geological Survey is presented in Figures

A 3.1 and A 3.2, No corrections have been made for the drainage areas
downstrean of each gauéing stetion or that of Narragansett Bay itself;
however an excellert view of the relative fresh water inputs to the
western side c¢f Narrseansett Bay is still afforded. Beginning in February,
the rate of fresh water input increases by as much as an order of magnitude

over the fall values.

In accordance with Hicks (1959) the volume flow rate of fresh water
into the West Passage may be approximated in terms of the volume flow

rates of the above rivers by,

Fresh water volume = 1/4 (Blackstone + Pawtuxet + Woonasquatucket)
flow rate + 1/2 (Potowomut)

Table A 3 gives the average uncorrected volume flow rate for each river
and the corresponding fresh water input to the West Passage during the

fall and spring measureument programs.
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Table A3. The average uncorrected volume flow rate for the rivers

feeding the western side of Narragansett Bay and the cooresponding fresh

water input to the West Passage during the fall and spring measuremen:

programs.
Volume Flow Rate )
> /s)

) Fall _ Spring
Blackstone 10.7 ‘ 52.5
Woonasquatucket 0.6 ¢ 4.8
Pawtucket 6.6 11.8
Potowomut 1.0 3.5
to West Passage 5.0 : 19.0
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APPENDIX 4

Stratification

Temperature, salinity, and sigma~t values found in conjunction with

the current measurements are given in Tables A 4.1 - A 4.4, The data

during the fall is .sparse due to instrument malfunctions. Figures A 4.1

$
i :
% and A 4.2 are represenvative graphs of sigma-t as a function of depth ;
f at both stations during the fall and spring. Typical order of magnitude '
g estimates of the vertical and lomgitudinal density gradientrs ware calculated !
'5 from these, The results are shown in Table A 4.5, ;
%
3 ::
¢ Table A 4.5. Typical vertical and longitudinal density gradients ;
é in the West Passage during the fall and spring measurement programs. %
3 |
i Vertical Longitudinal '
[ {
# LB -1 A ~ ]
£ L LP (em A 8P (ew !
?‘ r A,%( I AK( ) ;
B
T -7 ~10
i Fall Measurements 2-4 x 10 ~7 x 10
% i
g Spring Measurements 5~6 x 1077 ~12 x 10710

e
o

ey X
IS

Both the vertical and longitudinal density gradients in the West Passage

ol o

SRR,

appear to in~rease by a factor of two from fall to spring. This increase

is consistent with a previous data report by Hicks (1963) and is attributed

o s T

to the increased river runoff during the spring.
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Figure A 4.1 Examples of sigma-t as a function of depth
during the fall 1970 experiment,,
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Figure A 4.2 Examples of sigma-t as & function of depth during the

spring 1971 expeximent.
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Table A4.1. Temperature, salinity, and 0, at the Rome Point station

during the fall 1970 measurement program.

T AR IRZAL Mk AT e = AR

Time (EST) Depth (ft) Tenp (oc) Salinity (oloo) 0

16 November 1970 (low tide)

— g g

1618 3 10.11 29.45 22.65 )
’ 1619 - 9 20.25 29.58 22.73
SR 1620 15 10.20 29,57 22.71 J
1621 21 10.35 29.68 22.78 'R

1622 27 10.47 29.68 22.77 (

ke 1623 33 10.44 29.75 22.82
' 1624 39 ‘ 10.50 29.76 22,81
o 2 November 1970 (high tide) o
ik 1629 3 9.41 30.24 23.36 i
f ,,, 1634 13 9.44 ' 30,22 23.54 i
' 1640 z3 9.46 30.31 23.41
oL 1644, 33 9.72 30.51 23.52 5
’“ 1647 43 9.71 : .30.56 23.57 j
. 1650 3 9.42 30.27 23.38 i
[ 24 November 1970 (low tide) 1

e 2203 3 9.15 30.04 23.24
L 2208 13 9.18 30.07 23.26
AN 2211 2 9.20 30.14 23.31
» 2214 33 9.22 30.17 23.33

2217 43 ©o9.2% 30,20 23,37
2220 3 30.13

v g e
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Table A%.2.

Temperature, salinity, and Of
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station during the fall program.

at the Bonnet Shores

Temp (°c)

Time (EST) Depth (ft) Salinity (°/oo) 0
16 November 1970 (low tide)
1522 3 10.67 30.26 23.17
1523 10.75 30.26 23.16
1525 15 10.89 30.37 23.22
1626 21 16.99 30.49 23.30
1527 27 10.99 30.58 23.37
1528 33 11 15 30.76 23.47
1529 39 11.18 30.84 23.53
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Table A4.3.

Temperature, salinity, and T

<93

station during the spring program.

at: the Rome Point

Time (EST)

Depth (ft)

Temp (oc)

Salinity (°/oo)

0}

20 March 1971 (Jow tide)

1602
1604
1606
1608
1610
1613

10
20
30
40

2.9
2.71
2.65
2.64
2.59
2.91

28.70
28.81
29.14
29.31
29.39
28.75

22.90
23.25
23.27
23.40
23.46
22.98

30 March 1971 (high tide)

1052
1054
1056
1058
1100

, 1103

10
20
30
40

2.84
2.81
2.67
2.60
2.60
2.83

29.47
29.59
29.73
29.82
25.88
29.65

23.52
23.61
23.74
23.80
23.85
23.66

30 March 1971 (low tide)

1600
1603
1605
1607
1609
1611

10
20
30
40

3.17
3.16
2.90
2,90
2.38
3.18

28.50
28.67
29.06
29.10
29.14
28.75

22.74
22.87
23.19
23.23
23.25
22.91
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Table A 4.3 continued

Time (EST) _ Depth (ft) Temp (Oc) Salinity (0/00) vl

5 April 1971 (low tide)
1109 0 4.84 29.09 23.05
1111 10 4.63 29.06 . 23,04
1113 20 4,57 29,00 22.99
1115 - 30 4,06 29.43 23.36
1117 40 3,93 ' 20.88 23.77
1119 0 4,72 29.03 23,01
13 April 197. (high tide)
0935 0 5.90 28.53 22.56
0937 10 5.51 2909 22.99
0930 20 5,51 C 2914 - 23.02
0941 30 5.31 26.18 23.07
0950 40 4.81 29.64 23.47
0952 o 6.12 - 28.32 22.29
15 April 1971 (high tide)

1020 0 5.00 29.15 . 342
1022 10 4.95 29.20 23.41
1024 20 5,03 . 29,20 23.45
1026 30 4.90 29,20 23.55
1030 40 4,80 29.19 23.57
1034 0 4,99 29,19 23.35
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E Table A% .4. Temperature, salinity, and U, at the Bonnet Shores

station during the spring program.

E;;( Time (EST) Depth (ft) Temp ®e) Salinity (°/oo) T,

b = . —

g§¢ 29 March 1971 (low tide)

[

o ‘

L 1523 0 2.78 29.64 23.65

o 1526 10 2.68 . 29.86 23.84

s 1528 20 2.64 30.02 23.97

1530 30 2.61 30.16 208

e 1533 40 2.50 30.54 2439

xS 1537 0 2.66 30.00 23.95

: ; 30 Maxch 1971 (high tide)

8 1016 0 2.73 - 30.45 24.51

1018 10 2.7 30.44 24..30

1021 20 2,63 30.55 2434

1 1023 30 ©2.61 30.55 2,35
: 1025 %0 2.40 31.06 2,82

1027 0 2.65 30,52 ©24.37

30 March 1971 (low tide)

1520 0 3.10 29.62 23.63
1522 10 2.88 29.83 23.79
1523 20 2.80 30.08 23.99
1525 30 2.65 30.21 24,13
1527 40 2.65 30.51 24,44

1330 0 3.04% 29.80 23.77
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Table A4.4 continued

Time (EST) Depth (fc) Temp (oc) Salinity (O/oo) 0%

5 April 1971 (low tide)
1037 0 4.69 29.44 23.33
1039 10 4 .43 29.50 23.40
1041 20 3.98 29.99 23.84
1043 - 30 3.48 30.34 24,16
1045 40 2.80 ) 31.30 24.97
1047 0 4.50 29.40 23.31
L
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